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ABSTRACT 

I 

The NASA/JSC Atmospheric Re-entry Ma te r ia l  s and S t ruc tu res  Eva1 u a t i  on F a c i l i t y  
(ARMSEF) has been i n t e n s i v e l y  and e x t e n s i v e l y  been i n v o l v e d  i n  ground t e s t i n g  
o f  spacec ra f t  m a t e r i a l s  and thermal p r o t e c t i o n  systems (TPS) i n  s imu la ted  
re -en t r y  cond i t i ons .  
such TPS requ i res  a knowledge o f  t h e  f l o w  system i n  t h e  a r c  j e t .  I n  t h e  work 
descr ibed i n  t h i s  r e p o r t ,  spec t roscop ic  d i a g n o s t i c  techniques a r e  used t o  
determine t h e  f r e e  stream c o n s t i t u e n t s .  
of t h e  f ree  stream c o n s t i t u e n t s  was ob ta ined and t h e  species t h e r e i n  
i dent i f i  ed. 

Ground experiments on su r face  c a t a l y t i c  e f f i c i e n c y  o f  

S p e c i f i c a l l y ,  t h e  emission spectrum 

A l a s e r  system has been added on, which w i l l  g i v e  t h e  added c a p a b i l i t y  o f  
s tudy ing  t h e  a r c  j e t  f l o w  us ing  Laser Raman Spectroscopy (LRS). 
techn ique w i l l  complement i n f o r m a t i o n  ob ta ined from t h e  emission spectra.  

The LRS 

A s h o r t  l i s t  o f  f u r t h e r  work t h a t  can be done i n  t h e  area o f  spec t roscop ic  
i n v e s t i g a t i o n s  on t h e  a r c  j e t  i s  mentioned. 
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INTRODUCTION 

The a r c  j e t  f a c i l i t y ,  l o c a t e d  a t  NASA/JSC i n  B u i l d i n g  222, has played a v a r i e d  
r o l e  i n  s i m u l a t i n g  r e - e n t r y  c o n d i t i o n s  f o r  t h e  purposes o f  t e s t i n g  spacecra f t  
m a t e r i a l s  and models i n  a s imu la ted  environment on t h e  ground. The f a c i l i t y  
c o n s i s t s  o f  two t e s t  l e g s  designated TP1 and TP2 a r c  tunne ls .  Each t e s t  l e g  
c o n s i s t s  o f :  

a. an a r c  hea te r  
b. t e s t  nozzles 
c. t e s t  chamber w i t h  model i n s e r t i o n  system 
d. 
e. 

a d i f f u s e r  and a heat exchanger 
a fou r  stage steam e j e c t o r  vacuum pumping system 

The a r c  heater  i s  a dev i ce  f o r  conve r t i ng  e l e c t r i c a l  energy i n t o  thermal 
energy. A cont inuous h i g h  vo l tage  d i r e c t  c u r r e n t  i s  e s t a b l i s h e d  between a 
cathode and an anode a t  e i t h e r  end o f  a segmented column. 
i n j e c t e d  i n t o  t h e  column and heated by t h e  arc. The heated h i g h  energy gas i s  
then expanded th rough a nozz le  t o  produce a very  h igh  supersonic o r  hyperson ic  
gas stream. The gases used a r e  t y p i c a l l y  a m i x t u r e  o f  n i t r o g e n  and oxygen, 
a l though i t  i s  p o s s i b l e  t o  use o t h e r  gases. 

Gases a r e  then 

As exp la ined above, TPS a r e  among one o f  t h e  many t e s t  o b j e c t s  s t u d i e d  a t  t h i s  
f a c i l i t y .  
TPS (1-3), i t  i s  necessary t o  have a complete knowledge o f  t h e  f l o w  chemistry,  
species concent ra t ions ,  shock temperatures, e tc .  

I n  o rde r  t o  f u l l y  understand t h e  c a t a l y t i c  e f f i c i e n c i e s  o f  these 

Although some o f  these q u a n t i t i e s  can be ob ta ined by t h e  s t r i c t  use of t h e  
laws o f  f l u i d  dynamics, i t  has been amply demonstrated t h a t  spec t roscop ic  
techniques (4-5)  can a l s o  be used t o  determine some o f  these q u a n t i t i e s .  
spec t roscop ic  techniques a re  n o n - i n t r u s i v e  and p rov ide  a means o f  making 
i n - s i t u  measurements. A t  p resent  spec t roscop ic  methods a re  be ing  used t o  
s tudy  o n l y  t h e  TP2 component o f  t h e  f a c i l i t y .  

The 
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SPECTROSCOPIC SET-UP DESCRIPTION AND EXPERIMENTAL PROCEDURE 

A b lock  diagram o f  t h e  spec t roscop ic  f a c i l i t y  i s  g i ven  i n  Fig.  1. As can be 
seen from t h e  f i g u r e  t h e  r a d i a t i o n  f rom t h e  a r c  j e t  f l o w  e x i t s  t h e  tunne l  
through a window and i s  condensed on t o  m i r r o r  M1, which r e f l e c t s  t h e  beam on 
t o  a second l e n s  L2, which i n  t u r n  condenses t h e  l i g h t  beam on t o  t h e  s l i t  
entrance o f  t h e  spectrograph. 
spectrograph i n  which t h e  r e s o l u t i o n  can be v a r i e d  t o  t h r e e  d i f f e r e n t  
s e t t i n g s .  The d e t e c t i o n  i s  accomplished by a 1024 element l i n e a r  d iode a r ray .  
The ou tpu t  i s  recorded on a magnetic d i s c  u s i n g  an EG&G/PARC o p t i c a l  
mu1 t i  channel ana lyzer  (OMA) , whi ch a1 so performs o t h e r  needed ca l  cu l  a t i o n s  . 

The spectrograph i t s e l f  i s  a Spex Tr ip le -Mate  

I n  t h e  p r e l i m i n a r y  se t  o f  experiments, a 600 line/mm g r a t i n g  was used which 
y i e l d e d  a p i x e l  r e s o l u t i o n  o f  0.069 nm. The f i r s t  s tep  i n  t h e  exper imental  
procedure was t o  c a l i b r a t e  t h e  ins t ruments .  
i n  two steps. F i r s t  t h e  r e l a t i v e  s e n s i t i v i t y  o f  t h e  ins t rument  ( i n t e n s i t y  
c a l i b r a t i o n )  was c a r r i e d  ou t  us ing  a s tandard ized carbon-f i lament,  which was 
o p e r a t i n g  a t  a constant c u r r e n t  o f  38.OA. 
accomplished us ing  s tandard  O r i e l  pen lamps. I n  t h e  wavelength c a l i b r a t i o n  
procedure, u s u a l l y  t h r e e  o r  f o u r  standard l i n e s  a r e  chosen and a l i n e a r  
relat ionship between t h e i r  cursor  posit ion and the  wavelength i s  sought. The 
r e l a t i o n s h i p  between t h e  wavelength and t h e  cu rso r  p o s i t i o n  C i s  thus  g iven 
by 

where A. and A1 a r e  constants.  

I n  p r a c t i c e  t h e  a r c  j e t  i s  t u rned  and s e t  a t  t h e  a p p r o p r i a t e  power l e v e l  and 
t h e  mass f l o w  ra te .  
s l i t  o f  t h e  spectrograph, i s  d ispersed by t h e  spec t rograph ic  o p t i c s  and i s  
.then analyzed by t h e  OMA. An X-Y reco rde r  a t tached t o  t h e  OMA makes i t  
p o s s i b l e  t o  o b t a i n  a hard copy o f  t h e  spectrum. 

The c a l i b r a t i o n  was accomplished 

The wavelength c a l i b r a t i o n  was 

A= A. + AI (C-1) (1) 

The r a d i a n t  energy f rom t h e  a r c  j e t  i s  i n c i d e n t  upon t h e  

The f i r s t  t ask  i n  t h i s  p r o j e c t  was t o  determine t h e  composi t ion o f  t h e  f r e e  
f l o w  a t  d i f f e r e n t  o p e r a t i n g  cond i t i ons .  I n  Table I, t e s t  c o n d i t i o n s  used a re  
given. 

TABLE I 

Arc J e t  Test Cond i t ions  Used t o  Obtain Spectra o f  t h e  Free Stream 

F1 ow Rate Cur ren t  Power Enthalpy 
(MW) B t  u/ 1 b** 
0.87 7,000 0.05 500 

0.05 1000 1.76 10,500 
0.05 1800 2.76 13,000 
0.10 1000 2.38 9,800 
0.30 500 2.34 5,000 

( 1  b-mass/sec*) (A)  

* To conver t  t o  S I  u n i t  o f  Kg/Sec m u l t i p l y  by 0. 
** To conver t  t o  S I  u n i t  o f  MJ/Kg m u l t i p l y  by ~3:~: 
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RESULTS AND D I S C U S S I O N  OF SPECTRA OBTAINED 

It appeared a t  t h e  very  ou tse t  t h a t  a spectrum obta ined depended more on t h e  
en tha lpy  than on t h e  power s e t t i n g .  A t  low en tha lpy  s e t t i n g s  i.e., a t  bo th  
5000 B t u / l b  and a t  7000 B tu / l b ,  t h e  low wavelength p a r t  o f  t h e  spectrum was 
t o t a l l y  unreadable, because t h e  s igna l  t o  no ise  r a t i o  was very poor. 
general t h e  q u a l i t y  o f  t h e  spectrum was bad and t h e  band heads were n o t  
c l e a r l y  def ined.  A t  t h e  en tha lpy  of  5000 B t u / l b  (about 3.85 eV pe r  0 o r  N 
molecule) ,  t h e  p r o b a b i l i t y  o f  d i s s o c i a t i o n  o f  e i t h e r  molecule i s  smal?. Thfs 
i s  borne out  by t h e  f a c t  t h a t  t h e  m a j o r i t y  species d iscovered i n  t h e  spectrum 
a t  t h a t  s e t t i n g  was n e u t r a l  N molecule and some 0 molecular  bands. One 
atomic oxygen l i n e  was observzd a t  700.2 nm. The Q d e n t i f i c a t i o n  o f  a l l  
species were done w i t h  t h e  a i d  o f  a) t h e  M I T  Wavelength Tables (6), b )  
Pearses' "Handbook on I d e n t i f i c a t i o n  o f  Molecular  Spectra'' ( 7 ) ,  c )  Herzberg 's  
"Atomic Spectra'' (8 ) .  P la tes  recorded by W i l l e y  (9 )  were a l s o  consu l ted  i n  
t h e  process t o  a i d  i n  t h e  i d e n t i f i c a t i o n  process. 

I n  

Since t h e  ca ta log  o f  s p e c t r a l  i n f o r m a t i o n  recorded and species i d e n t i f i e d  i s  
voluminous, i t  i s  be ing compiled i n t o  an appendum t o  t h i s  r e p o r t  and i s  
a v a i l a b l e  by c o n t a c t i n g  John Grimaud a t  t h e  JSC a r c  j e t  f a c i l i t y .  

The h i g h  en tha lpy  cond i t i ons  gave some ext remely i n t e r e s t i n g  r e s u l t s .  I n  t h e  
h ighes t  en tha lpy  c o n d i t i o n  t h a t  was run  i t  was d iscovered t h a t  e n t i r e  low 
wavelength s i d e  o f  t h e  spectrum was inundated w i t h  tungsten s p e c t r a l  l i n e s .  
The cathode o f  t h e  a r c  i s  made o f  a tungs ten  a l l o y ,  bu t  t h a t  f a c t  on i t s  own 
does no t  e x p l a i n  t h e  abundance o f  h i g h l y  i n t e n s e  tungs ten  l i n e s  throughout t h e  
spectrum. Tungsten burns i n  a i r  w i t h  a wh i te  flame, however, an observer 
s tand ing  near t h e  a r c  j e t  d u r i n g  these measurements repor ted  seeing a y e l l o w  
r a d i a t i o n  from t h e  a r c  j e t .  
a l a r g e  p iece  o f  t h e  tungs ten  e l e c t r o d e  may have become d is lodged from t h e  
cathode and was burn ing  i n  t h e  stream. Besides t h e  tungsten,  n i t rogen ,  
oxygen, copper, and tho r ium l i n e s  were found. 
a r e  shown i n  t h e  accompanying f i g u r e s  (Figs.  2-4). 

This d iscounts  t o  a l a r g e  ex ten t  t h e  n o t i o n  t h a t  

Examples o f  spec t ra  recorded 
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LASER D I A G N O S T I C S  

Since t h e  advent o f  t h e  h i g h  powered l a s e r  (bo th  cont inuous wave and pu lsed) ,  
t h e y  have come i n t o  use i n c r e a s i n g l y  as d i a g n o s t i c  probes (10).  
t h e  l a s e r  techniques which have come i n t o  vogue i s  a l ong  one. 
major techniques which should be enumerated here. 

The l i s t  o f  
There a r e  fou r  

1. Spontaneous Raman Spectroscopy (SRS). A techn ique which a l l ows  species 
i d e n t i f i c a t i o n ,  concen t ra t i on  measurement and measurement o f  temperatures. 

2. Laser Induced Fluorescence (L IF ) .  A techn ique by which species 
i d e n t i f i c a t i o n ,  concen t ra t i ons  and temperatures can be measured. The 
technique, however, can be used o n l y  f o r  a handfu l  o f  molecules and f r e e  
r a d i  ca l  s ,  most o f  whi ch a re  r e a c t i o n  i n te rmed ia tes .  

3. Coherent A n t i  -Stokes Raman Spectroscopy (CARS). A super io r  techn ique f o r  
t h e  measurement o f  temperature. 

4. Laser Doppler Ve loc imet ry  (LDV). A techn ique used f o r  de te rm in ing  
p a r t i c l e  v e l o c i t i e s  and from which t h e  s i z e  o f  t h e  p a r t i c l e s  can be i n f e r r e d  
i n d i r e c t l y .  

The l a s e r  methods i n  general have t h e  f o l l o w i n g  advantages. 

- Non- in t rus i ve  (no probes, thus  capable o f  p e n e t r a t i n g  and i n v e s t i g a t i n g  

- High s p a t i a l  r e s o l u t i o n  ( - Al- mm ) - High temporal r e s o l u t i o n  (10 3ec) - High s p e c t r a l  r e s o l u t i o n  (-10- nm) 
- High  s e n s i t i v i t y  ( cv ppm) 
- Mu1 t i p l e x  advantages (s imultaneous measurements o f  severa l  species a t  

h o s t i l e  environments such as t h g  a r 5  j e t )  

one p o i n t  or o f  one species a t  severa l  p o i n t s )  

It t h e r e f o r e  behooves us t o  at tempt one o r  more o f  t h e  above mentioned 
techniques i n  t h e  s tudy  o f  t h e  f r e e  f l o w  and/or shock l a y e r  i n  t h e  a r c  j e t .  
It was decided by t h e  a r c - j e t  f a c i l i t y  coo rd ina to rs  t h a t  SRS should be t h e  
f i r s t  techn ique t h a t  should be t r i e d .  A schematic o f  t h e  SRS phenomenon i s  
shown i n  Fig.  5. As can be seen from t h i s  f i g u r e  an atom, molecule or  f r e e  
r a d i c a l  i s  e x c i t e d  t o  a v i r t u a l  s t a t e  and t h e  t r a n s i t i o n  back t o  t h e  lower  
s t a t e s  r e s u l t s  i n  s c a t t e r i n g  w i t h  one component on t h e  h ighe r  wavelength o f  
t h e  i n c i d e n t  r a d i a t i o n  and one component on t h e  lower  wavelength s i d e  o f  t h e  
e x c i t a t i o n  r a d i a t i o n  (11). 

C lass i ca l  Theory o f  Raman E f f e c t .  I n  o r d e r  t o  s i m p l i f y  t h i s  c l a s s i c a l  
d e r i v a t i o n  (11) o f  t h e  Raman E f f e c t ,  cons ider  a d ia tomic  molecule o f  
p o l a r i z a b i l i t y  o( . 
i n  a d i p o l e  momen5 
case o f  an atom) depeids 04  $he i n t e r n u c l e a r  separa t ion  and a l s o  on t h e  angle 
between t h e  molecu la r  a x i s  and t h e  e l e c t r i c  f i e l d .  
v i b r a t i o n  i s  uVib and r i s  t h e  v i b r a t i o n  ampl i tude then t o  a f i r s t  o rde r  
approximat ion,  

Thus an e l e c t r i c  f i e l d  EZ a long t h e  Z a x i s  would r e s u l t  
=.( E . The molecu la r  p o l a r i z a b i l i t y  ( u n l i k e  i n  t h e  

I f  t h e  normal frequency o f  
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I n  o t h e r  words t h e  po l  a r i  zabi  1 i t y  f l  uc tua tes  s i n u s o i d a l l y  about a mean Val ue 
o f  doz. I n  an e l e c t r i c  f i e l d  EZ o f  r a d i a t i o n  o f  frequency Y o  

€2 = c, 
Combining t h e  two equat ions we get 

( 3 )  

The f i r s t  te rm i n  t h e  above equat ion  i n  t h i s  c l a s s i c a l  model g ives r i s e  t o  t h e  
e l a s t i c  Rayle igh s c a t t e r i n g .  Using a w e l l  known t r i g o n o m e t r i c  i d e n t i t y ,  t h e  
second te rm can be r e w r i t t e n  as 

Thus t h e  c l a s s i c a l  t heo ry  p r e d i c t s  t h a t  i n  a d d i t i o n  t o  Rayle igh S c a t t e r i n g  
t h e r e  w i l l  be r a d i a t i o n  w i t h  f r e q u e n c i e s y o  + 
t h e  observed a n t i  -S tokes  and S t o k e s  1 i nes  of-RamlkbScatteri ng. 

and we i d e n t i f y  them w i t h  

Laser Raman Spectroscopy I n  t h e  Arc Jet .  
A 5 Watt l a s e r  (Soectra Physics Ser ies 2000 Arqon/ ion l a s e r )  was chosen f o r  - -  
s e t t i n g  up t h e  Raman S c a t t e r i n g  Experiment. 
m i r r o r s  and h i g h  q u a l i t y  f ocus ing  lenses were used i n  o rder  t o  gu ide t h e  l a s e r  
beam i n t o  t h e  a r c  j e t .  
shown i n  Fig.  6 and F ig.  7. The beam s c a t t e r e d  a t  r i g h t  angles t o  t h e  
i n c i d e n t  beam e x i t s  t h e  tunne l  and i s  then analyzed by t h e  spec t rograph ic  se t  
up. 

A s e r i e s  o f  h i g h  r e f l e c t a n c e  

The o p t i c a l  arrangement and t h e  l a s e r  beam path  a re  

A t  t h e  t i m e  o f  w r i t i n g  o f  t h i s  r e p o r t ,  no exper imenta l  data was obta ined.  
, 

FURTHER WORK TO BE ACCOMPLISHED. 
1. Recent ly  t h e  v i b r a t i o n a l  temperature (12 )  i n  t h e  shock l a y e r  was ob ta ined 
by examining t h e  v i b r a t i o n a l  bands o f  t h e  f i r s t  nega t i ve  system o f  s i n g l y  
i oni  zed n i t r o g e n  mol ecul  e. Remarkabl e agreement was o b t a i  ned between t h e  
exper imenta l  r e s u l t s  and r e s u l t s  ob ta ined from t h e  computer code NEQAIR ( 1 3 )  
This  computer code p l o t s  a t h e o r e t i c a l  spectrum when c e r t a i n  parameters 
( temperature i nc luded)  a re  i n p u t .  

The next  obvious s tep  i s  t o  determine t h e  r o t a t i o n a l  temperatuqe i n  t h e  shock 
l a y e r  by examining t h e  r o t a t i o n a l  l i n e s  o f  c e r t a i n  bands o f  N 
negat ive  system). The technique used has been descr ibed i n  tgxtbooks (14).  
An o u t l i n e  o f  t h e  procedure t o  be fo l l owed  t o  o b t a i n  t h e  r o t a t i o n a l  
temperature has been chalked ou t  and i t  i s  expected t h a t  i t  w i l l  be fo l l owed  
UP 

2. 
i n  p lace  f o r  t h e  Raman set-up. 
s a t i s f a c t o r i l y .  

( f i r s t  

A t  t h e  t ime  o f  w r i t i n g  o f  t h i s  r e p o r t ,  t h e  necessary o p t i c s  was p a r t i a l l y  
The l a s e r  was tu rned on and i t  operated 

It i s  expected t h a t  t h e  o p t i c s  w i l l  be complete ly  i n  p lace  
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anytime now. One o f  t h e  f i r s t  experiments scheduled i s  t o  determine t h e  Raman 
s h i f t s  o f  NO, N and 0 i n  t h e  f r e e  stream. Table I 1  shows t h e  r e s u l t s  o f  a 
simple, ca l cu laZ ion  g i h n g  t h e  l o c a t i o n  o f  t h e  Stokes and an t i -S tokes  l i n e  f o r  
some o f  t h e  e x c i t a t i o n  wavelengths ob ta inab le  f rom t h e  l a s e r .  

TABLE I 1  

Argon I o n  l a s e r  3\= 514.5 nm 

Raman S h i f t  P A  Stokes A n t i  -Stokes 
Species cm-l (nm) (nm) (nm) 

0 226 6.0 520.5 508.5 
NO 2331 61.7 576.2 452.8 
N6 1876 49.7 564.2 464.8 

1556 41.2 555.7 473.3 
O 2  A = 476.5 nm 

0 226 
2331 N"a 1876 

5.1 481.6 
52.9 529.4 
42.6 519.1 

471.4 
423.6 
433.9 

35.3 511.8 441.2 
r 454.5 nm - 1556 

O2 - 

0 226 
2331 
1876 
1556 

:a 
O2 

4.7 459.2 449.8 
48.2 502.7 406.3 
38.8 493.3 415.7 
32.1 486.6 422.1 

I n  r e a l  a p p l i c a t i o n s  i t  i s  necessary t o  cons ider  t h e  e f f e c t  o f  t h e  r o t a t i o n a l  
energy l e v e l s  upon t h e  observed sca t te red  spectrum. For d i a t o m i c  molecules, 
t h e  s e l e c t i o n  r u l e s  f o r  r a d i a t i v e  s c a t t e r i n g  a re  A V = 0, t1 and 0 3  = 0, +2, 
where V i s  t h e  v i b r a t i o n a l  quantum number, and J i s  t h e  r o r a t i o n a l  quantum- 
number. O f  t h e  t h r e e  branches AJ = 0 ( Q  branch) i s  b r i g h t e r  than t h e  o t h e r  
two namely AJ = -2(o) branch and bJ = 2 t h e  S branch. 

I f  t h e  Stokes and an t i -S tokes  i n t e n s i t i e s  can be measured i n  a medium, which 
i s  i n  l o c a l  thermodynamic e q u i l i b r i u m ,  then t h e  temperature can be un ique ly  
determined from t h e  r a t i o  o f  these measurements. The r a t i o  o f  a Stokes and an 
an t i -S tokes  l i n e s  corresponding t o  t h e  same J value i n  t h e  Q Branch i s  g iven  
by (15 )  -r r;--+ ;]/YtT 

- - 570 ICES - 
T 4 N T  I - STOCES 

where ' o i s  t h e  frequency o f  t h e  i n c i d e n t  r a d i a t i o n  and 
t h e  r o t a t i o n a l  l i n e s  assumed constant f o r  a l l  l i n e s  i n  t h e  Q branch. This 
might be d i f f i c u l t  i n  t h e  a r c  j e t  where thermal e q u i l i b r i u m  i s  d i f f i c u l t  t o  
achieve. 
method might be successful  i n  shock l a y e r  temperature de terminat ion .  

E i s  t h e  energy o f  

Perhaps i n  t h e  shock l a y e r  t h i s  c o n d i t i o n  migh t  be met and t h e  
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Other techniques have been used t o  determine temperature and species 
concen t ra t i on  i n  hyperson ic  f lows us ing  r o t a t i o n a l  Raman spec t ra  (16).  These 
techniques need t o  be examined t o  see i f  t h e y  can be a p p l i e d  t o  t h e  a r c  j e t  
condi t i  ons . 
3. There have been suggest ions made by p r o f e s s i o n a l s  here t h a t  t h e  f l o w  
v e l o c i t y  be determined exper imental  ly. 
y i e l d  o t h e r  parameters o f  t h e  f low. 
problem needs t o  be undertaken and a c l e a r - c u t  procedure es tab l i shed  and 
demonst rated. 

A know1 edge o f  t h e  f l o w  v e l o c i t y  woul d 
A t  p resent  an in -depth  s tudy  o f  t h i s  
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